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ABSTRACT 
 
The Khövsgöl rift system of northern Mongolia demarks a transitional tectonic regime 
between the northward convergence of the Indian plate and Asia into the Siberian craton 
to the north.  We deployed a temporary network of 26 broadband seismic stations 
encompassing 200km2 of the Khövsgöl rift system from August 2014 to June 2016.  Data 
from our dense network were analyzed to provide a first high-resolution look at the 
crustal structure of this transtensional setting.  Impulsive first motions and full waveform 
inversion of sources with magnitudes ranging between ML=5.16 and ML=3.02 revealed 
extensional faulting at 7 – 18 kilometer depths along the southeastern boundary of 
Khövsgöl basin and northeastern Darkhad valley while earthquakes 15-18 kilometers 
beneath Lake Khövsgöl were left-lateral strike slip events.  We used finite difference 
tomography to invert arrival times from bodywave data to solve for both local 
hyprocentral location as well as the 3D velocity structure of the crust.  Hypocenters 
outline a previously unmapped active fault along the eastern border of the Darkhad basin.  
Earthquake clustering beneath Lake Khövsgöl contain a MW=4.79 mainshock-aftershock 
sequence that initiated December 5, 2014.  Results from the 3D velocity inversion show 
that the seismogenic depths do not exceed the basin depths of 20 kilometers, seismicity 
and source characterizations are well aligned with rift structures within the velocity 
model, and rifting has not thinned the 50 kilometer thick crust.  Velocity values range 
from 6.13 – 7.3 km/s for VP,  3.52 – 4.09 km/s for VS , and the VP/VS ratio values range 
from 1.7 – 1.82.  Variation in the Khövsgöl crustal structure is attributed to sediment fill 
within rift structures, we did not find evidence of magma nor a thinned crust.  
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INTRODUCTION 
 
Mongolia is undergoing active tectonic deformation caused by the convergence of the 
Indian and Eurasian plates.  Along the western, northern, and southern boundaries of 
Mongolia, strike-slip faulting, thrust, and normal faulting play a key role in 
accommodating stress from deformation. Within the past century, some of the world’s 
largest intracontinental earthquakes occurred in Mongolia with magnitudes ≥ 8.0 
(Baljinnyam, 1993). GPS velocities show a northward decrease in movement from 
southern to northern Mongolia with velocities of 6.7 mm/yr in the south to 0.8mm/yr in 
the north.  Two large E-W trending strike-slip faults (the northern Bulnay and southern 
Bogd) accommodate the eastward displacement Mongolia as a result of the convergence 
of India into the stable craton of Eurasia. The Baikal rift in southern Russia is an area of 
active NW-SE extension.  These tectonic settings are the source for interactions that 
occur at the interface between compressional and extensional settings, especially in 
northern Mongolia.   
 
Since permanent stations are sparse in northern Mongolia, seismic data related to the 
crust has been reported in the regions surrounding the Khövsgöl rift zone, but not within 
the rift zone.  This paper presents results from the first dense deployment of temporary 
seismic stations in the Khövsgöl rift zone from August 2014 – June 2016.  We detect and 
characterize local earthquake sources as well as a local 3D velocity model to relate local 
seismicity to the velocity model and observed deformation. 
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We used data collected by the temporary network of 26 broadband seismic stations 
(Figure 4) to calculate focal mechanisms, moment tensors, relocate earthquakes, and 
determine a 3D velocity model to characterize the crust and deformation in Northern 
Mongolia.  Focal mechanisms were determined from impulsive first arrivals, moment 
tensors were calculated from a full waveform inversion, and we inverted arrival times 
from body waves to resolve both hypocentral locations and the 3D velocity structure 
using a finite difference tomography method developed by Roecker et al. (2006).  By 
determining the precise location of earthquakes, we can better understand what regions 
are actively deforming, we can relate observed deformation to local stresses, and the 
velocity model can help identify interrelated structures as well as any heterogeneity 
within the crust.  Our results show that the Khövsgöl rift zone has both strike-slip and 
extensional faulting within the rifts.  Seismicity and the rift boundaries are limited to the 
upper 20 kilometers of the crust, and no significant thinning of the crust is observed.  
Velocity anomalies are related to rift sediment fill in an otherwise homogeneous velocity 
structure. 
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TECTONIC SETTING 
 
The tectonic setting of Mongolia is a transition between convergence and extension 
(Figure 1).  Three stable cratons are located near the periphery of Mongolian borders: the 
Siberian craton to the north, Tarim craton in the southwest, and the North China craton 
southeast.  To the southwest, the Indian plate is converging northeastward into the 
Eurasian plate at a rate of 4 centimeters per year. The collision of these plates has 
generated numerous east-west striking faults that range hundreds to thousands of 
kilometers long and extend northward from India.  Northeast of Mongolia, the Russian 
Baikal rift opens northwest-southeast along the southeastern fringe of the Siberian craton. 
The Baikal rift system contains the deepest rift lake on Earth and the southernmost extent 
of the system extends along the Tunka fault within northern Mongolia.  The Mongolian 
Plateau is a high elevation low relief area that contains the Baikal rift as well as the 
transitional tectonics observed between the converging India-Eurasian plates and the 
extending Baikal rift.  Mongolia’s basement geology is composed of metamorphic and 
igneous rocks from 44 distinct terranes accreted within the Central Asian Orogenic Belt 
from the Early Paleozoic through the Late Mesozoic (Badarch et al., 2002).  Widespread 
intermittent basaltic magmatism stretched from northeastern China to Lake Baikal, 
Siberia during the Cenozoic with the most recent volcanism occurring 5000 years ago 
(Ancuta, 2017; and Barry et al., 2003). 
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Figure 1.  Tectonic setting of Asia with respect to a stable Eurasia reference frame.  BR – 
Baikal Rift, TB – Tunka Basin, HR – Khövsgöl Rift, HD – Hangai Dome, DL – Lake 
depression, MA – Mongolian Altai, GA – Gobi Altai, TS – Tien Shan, AT – Altyn Tagh, 
QS – Qilian Shan, KS – Kunlun Shan.  
 
The Khövsgöl rift system of northern Mongolia is the focus of this study and represents 
the region of local transition between the Bulnay and Tunka faults.  The Khövsgöl rift 
system contains a set of three north-south striking rift basins accommodating east-west 
extension: the easternmost Khövsgol basin, central Darhad and western Büsiyn Gol.	The 
rifts are bounded to the north by the sinistral Tunka fault.  Each of the rifts are bounded 
by north-south trending fault scarps. Büsiyn Gol normal faults border the east and west 
sides of the basin while Darhad and Khövsgöl rifts have eastern and western fault scarps 
at their respective basin margins. 	
	 6	
Previous studies of GPS ground velocities, field studies, moment tensors and earthquake 
focal mechanisms have proposed extensional, compressional, and strike slip movements 
within the Khövsgöl rift system (Calais et al., 2003, Arzhannikova et al., 2011, 
Baljinnyam et al., 1993, Bayasgalan et al., 2005, and Petit et al., 2002).  
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PREVIOUS STUDIES 
 
Studies of the Khövsgöl rift region elucidate past and contemporary crustal deformation 
observed via GPS surface velocity measurements, field observations, and earthquake 
focal mechanisms.  
 
GPS velocity measurements describe movement at the surface, which can help explain 
observed crustal deformations. Calais et al. (2003) deployed 44 GPS receivers around the 
Baikal rift zone and western Mongolia from 1994 to 2002.  Results of the study show that 
Mongolia has distinct domains of surface velocity measurements with respect to stable 
Eurasia (Figure 2).  In general, the magnitude of velocity vectors decreases northward in 
Mongolia; the largest magnitude velocities of 6.7 mm/yr in the south and 0.8 mm/yr in 
the north. Western Mongolia shows north-northeast directed surface movement at an 
average rate of 5 mm/yr, while central and eastern Mongolia velocity vectors point 
eastward with magnitudes ranging from 1.2 – 6.7 mm/yr; both the north-northeast and 
eastern directed motions accommodate the convergence of marginal terranes with the 
Siberian craton.  Baikal rift zone velocity vectors are directed northwest-southeast, which 
indicates the area undergoing extension.  The Khövsgöl rift zone is the transitional region 
between Baikal extension and Indian-Eurasian convergence.  Velocity vectors 
surrounding Khövsgöl show north-norteastward surface movements to the west, east to 
northeast directed velocities to the south, east directions to the east, and northwest 
directed movements north of the rift zone (Figure 2). 
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Figure 2.   GPS velocity arrows and 95% confidence ellipses are with respect to Eurasia.  
The red box outlines the Khövsgöl rift zone, the area of study.  Calais et al., 2003.			
 
Focal mechanisms describe deformation generated at the source.  Previous studies of 
Northern Mongolia earthquake source parameters include teleseismic body wave 
inversion for moment tensor solutions (Bayasgalan et al., 2005), and impulsive first 
motion focal mechanisms (Petit et al., 1996).  Most earthquakes surrounding the 
Khövsgöl rifts show east-west trending sinistral strike-slip faults (Figure 3)  Bayasgalan 
(2005) uses GPS surface velocity measurements (Calais et al., 2003) to determine that 
faulting in Mongolia accommodates approximately 10 mm yr -1 of north-northwest 
convergence caused by the Indian-Eurasian plate collision. Bayasgalan et al. (2005) 
suggests that a block of dextral strike-slip faults within the western Mongolian Altay 
Mountains rotated counterclockwise to produce the numerous sinistral faults observed 
East of the western Mongolian Altay Mountains, including the Tunka fault.    
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Figure 3.  Red focal spheres are moment tensor solutions derived via body-wave 
inversion from Bayasgalan et al., 2005 and the Global CMT.  Black focal spheres are 
focal mechanisms calculated from first motion polarities from Petit et al., 2002.  
Excluding the moment tensor north of Tunka fault, all strike slip orientations are left 
lateral.   
98˚E 100˚E 102˚E
50˚N
52˚N
1000 2000 3000
elevation (m)
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DATA 
 
The temporary Khövsgöl seismic network consisted of 26 broadband seismic stations 
with STS-2 sensors from IRIS PASSCAL that were deployed from August 2014 to June 
2016.  Stations were located within a 200 x 200 km area inside 49.5° to 52°N and 98.5° 
to 102°E, with stations distributed 15 to 45 km apart with an average spacing of 30 km 
(Figure 4). 
 
 
Figure 4.  Khövsgöl station map.  Stations are black triangles. 
98˚E 100˚E 102˚E
50˚N
52˚N
1000 2000 3000
elevation (m)
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 Dense	network	coverage	produced	high	quality	data	(Figure	5).	The	network	recorded	2,114	events	with	a	Mc=1.5ML	(Figure	6).		The	largest	event	recorded	was	ML=5.35	on	November	1,	2014	located	in	southern	Russia;	the	largest	event	located	within	the	network	was	MW=4.79	on	December	5,	2014	located	beneath	Lake	Khövsgöl.		The	magnitude	of	completeness	(blue	arrow)	is	ML=1.5.		Magnitudes	greater	than	the	apex	of	the	Mc	curve	denote	events	that	were	reliably	recorded	within	the	network;	events	with	magnitudes	below	Mc	may	not	be	captured,	thus	the	catalog	of	events	below	ML=1.5	is	not	complete.		The	b-value	for	the	Khövsgöl	rift	region	is	0.69,	and	this	number	relates	the	frequency	of	earthquake	occurrence	to	the	magnitude	of	the	events.		
	Figure	5.			Example of vertical waveforms from the 26 stations. These traces were used to 
identify P wave arrivals. The traces at the top of the window are closest to the event, and 
traces at the bottom are further from the event. These waveforms are from the MW4.79 
event that occurred beneath Lake Khövsgöl on 12/05/2014 18:04:19.		
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	Figure	6.			Local magnitude versus number of events for the Khövsgöl, Mongolia catalog.  
The blue arrow denotes the magnitude of completeness for the earthquake catalog, circles 
are the noncumulative events, and triangles are the cumulative events (2,114 events in 
total).	
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METHODS 
 
The methods used to determine source characteristics from data collected in northern 
Mongolia are focal mechanisms (Snoke, 2003) and local moment tensors (Herrmann, 
2013).  Tomography was used to image the velocity of the crust using bodywaves 
collected by the temporary Khövsgöl network and a method developed by Roecker et al. 
(2006).  The 3D crustal tomography technique used arrival times from bodywave data, a 
regularly spaced 3D velocity node grid for the Khövsgöl region, and the tomography 
model solution was determined with a joint inversion for both earthquake location and 
velocity structure. 
 
Source Characteristics 
Events ML>3.0 located within the temporary Khövsgöl network were used to determine 
the fault orientation and fault type using FOCMEC (Snoke, 2003).  Impulsive P wave 
polarities from events with good azimuthal coverage were inverted to resolve focal 
mechanism solutions.  FOCMEC was parameterized to preform a grid search for the 100 
best-fitting solutions for the angles of the trend and plunge for the null axis as well as the 
angle that is normal to the fault plane. We searched the null axis trend from 0-355°, the 
null axis plunge from 0-90°, and the angle normal to the fault plane from 0-175°, 
searching each of the three angles in increments of 5°.  We used a relative weighted 
polarity error of 0.2.  The relative weighting polarity error scheme is based on polarity 
disparities relative to nodal surfaces.  Mismatched polarity solutions in the center of the 
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quadrant have a high error of 1 while inconsistent polarities near nodal surfaces have a 
lower error of 0.2.   
 
Focal mechanisms were then evaluated by assessing the distribution of solution Fit, 
Strike, Dip, and Rake. Focal mechanism solutions with the lowest fit are considered the 
robust solution.  Robust solutions contain a narrow distribution of strike, dip, and rake 
angles and were graded A, B, and C based on the distribution of the strike, dip, and rake 
angle solutions.  I assigned grade A to solutions that contained most strike and dip angles 
clustered within a 20° range, grade B solutions were limited to strike angles within a 20° 
range, and Grade C solutions contained broadly distributed solutions for strike, dip, and 
rake angles. 
 
The temporary Khövsgöl network collected three component waveform data that was 
inverted to constrain the moment tensors, focal mechanism, local magnitude, and centroid 
depth using Computer Programs in Seismology (Herrmann, 2013).  The waveforms were 
cut 30 seconds before and 180 seconds after the P arrival, trends and offsets were 
removed from the traces then data were tapered by 10% of the width of the data window 
on both sides of the data, filtered by a high pass filter with a corner frequency of 0.02 Hz 
with three poles, and filtered by a low pass filter with a corner frequency of 0.10Hz with 
three poles.   
 
Green’s functions were calculated with the 40 kilometer thick CUS continental velocity 
model.  The CUS velocity model is approximately 10km thinner than the crust in 
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Khövsgöl, as revealed by receiver function work from our group (Meltzer et al., 2015, 
and J. Stachnik personal communication).  Green’s functions were used to generate 
synthetic waveforms that were cross-correlated with the waveforms observed at the 
stations. Tangential, radial, and vertical components of the waveforms were analyzed by 
inspecting phase arrivals and high frequency surface wave for each component, then a 
best-fit model determines the seismic moment, centroid depth, fault plane, and fault plane 
orientation.  Observed waveforms are compared to synthetic Green’s function waveforms 
with the goal of maximizing the fit between the two waveforms.  Zero fit indicates 0% 
similarity between the observed and synthetic waveforms, while 1 would be a perfect 
match; we chose 0.7 as an initial threshold designated as a robust solution.  Moment 
tensors were calculated for the ML=5.14 and ML=3.89 events beneath Lake Khövsgöl 
since both events had very little noise and excellent azimuthal coverage.  
 
Finite Difference Tomography 
We used the global 1D IASP91 velocity model to obtain travel times for our P and S 
phases.  Picks for P and S arrivals were manually adjusted and added using dbpick within 
the Antelope software.  These observed travel time data were used with the local 1D 
velocity model as the observed data for the 3D tomographic inversion.   
 
 
 
 
 
	 16	
Depth, km VP, km/s VS km/s 
-20 5.50 3.17 
0.0 5.65 3.26 
3.0 5.91 3.41 
6.0 6.09 3.52 
10.0 6.29 3.63 
15.0 6.36 3.67 
20.0 6.54 3.78 
35.0 7.20 4.10 
50.0 8.05 4.45 
60.0 8.10 4.59 
70.0 8.15 4.65 
80.0 8.40 4.70 
Table 1. Initial velocity model for the joint inversion for earthquake location and velocity 
structure. 
 
We utilized a 3D finite difference tomography method developed by Roecker et al. 
(2006) that calculates travel times from each station to an entire volume of a gridded 
velocity model, a technique originally established by Vidale (1988).  The nonlinear 
eikonal equation relates travel time and the velocity structure, but since these are both 
differential terms, the values are approximated using finite differences to solve for 
velocity model slowness using a spherical coordinate system.  A few advantages for 
using the finite difference tomography method by Roecker et al. (2006) include increased 
lateral resolution for strongly varying media because seismic wavefronts are tracked 
throughout the grid volume, and the true minimum travel time is found since raypaths are 
not required to be geometric. 
 
Following the method presented by Roecker et al. (2006), a regularly spaced 3D grid of 
velocity nodes is constructed, and slowness is interpolated between grid nodes using the 
following trilinear interpolation equation: 
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𝑠 =  𝑠!!!!! 𝑐! 
where s is the slowness, or 1/velocity, between the nodes, si is slowness at the 8 nodes 
surrounding the source node, and ci is a constant.  We parameterized our coarse Cartesian 
grid spacing for the slowness nodes are 218 across latitude, 184 longitude and 108 nodes 
for depth.  Next, an additional grid structure with the same dimensions as the velocity 
grid was generated to store calculated travel time data; travel times were calculated from 
each grid point to each station.  Ray paths were resolved by minimizing travel times 
across slowness grid points and the rays are allowed to refract and diffract at velocity 
heterogeneities.  Hypocenters were then located via subgrid search of the arrival time 
grid, and arrival times are interpolated between grid nodes using the following equation:  
𝑡 =  𝑡!!!!! 𝑐! 
where t is arrival time, ti is the time at each of the 8 surrounding grid nodes, and ci is a 
constant.  We parameterized our subgrid spacing for 0.03° latitude and longitude, with 3 
kilometer depth spacing.  
 
Finally, the joint tomographic inversion for hypocenter locations and velocity structure 
within the Khövsgöl rift zone was determined using a LSQR algorithm (Paige and 
Saunders, 1982) to iteratively perturb both hypocenter locations and the slowness model 
until only small changes in the velocity model were observed, and thus the total misfit 
between the observed and predicted arrival times are minimized.  The joint hypocenter-
slowness model problem is described by the following equation (Roecker et el., 2006): 
𝑇!"#$%&$' ℎ, 𝑆 − 𝑇!"#!$#"%&' ℎ!, 𝑆! = 𝜕𝑇𝜕ℎ dℎ + 𝜕𝑇𝜕𝑆 d𝑆 = 𝐆 dℎd𝑆 = 𝐑 
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where Tobserved(h,S) is the observed phase arrival time which is a function of the source 
hypocenter location and slowness model,  Tcalculated(h0,S0) is the calculated arrival time 
based on hypocenters located with an initial local velocity model based on Khövsgöl 
travel time data.  The residual arrival time, R, is the calculated arrival time subtracted 
from the observed arrival time.  The partial derivatives are stored in matrix G with the 
following structure: 
G =
1H 0 0 0 1S
0 2H 0 0 2S
0 0 3H 0 3S
0 0 0 4H 4S
⎡
⎣
⎢
⎢
⎢
⎢
⎢
⎤
⎦
⎥
⎥
⎥
⎥
⎥
 
where the columns correspond to observations of an event at each station and rows are 
the model elements, Hn contains a submatrix of four partial derivatives taken with respect 
to latitude, longitude, depth, and origin time; Sm contains the submatrix of partial 
derivatives related to the slowness model.  Damping equations are added to the bottom of 
matrix G, which incorporates damping in the regularization of the Matrix.  We chose a 
damper of 200 to incorporate time uncertainties in the model. The matrix is solved using 
the LSQR algorithm calculated along the ray path and results in perturbations to both the 
hypocentral locations and slowness model.  P and S velocity models are then smoothed to 
reduce model roughness; we chose a moving window of 5 grid nodes in the horizontal 
directions and 3 grid nodes in the vertical direction.  Hypocenters are relocated via grid 
search on the fine-spaced subgrid then the least squares method is iterated until arrival 
time residuals are minimized and there is very little change in residual variance, thus 
negligible change in hypocenter location and velocity model structure has been obtained. 
 
	 19	
The resolution of the velocity model is constrained by the distribution of rays passing 
through the velocity model as well as checkerboard tests to determine how well structures 
in the velocity model can be recovered.  Regions with more ray paths traveling through 
the model contain more information that areas with few ray paths.  Hit quality maps were 
generated to determine regions where 10 or more ray paths sampled velocity nodes 
within the model.  Cross sections of the velocity model contain a white line that 
encapsulates regions where 10 or more rays sample the velocity structure, and this high 
density of ray paths is considered a well-resolved region within the velocity model.  
Checkerboard tests examine the resolution of velocity perturbations relative to the 
background 1D local velocity model.  Velocity perturbations alternating in boxed ±5% 
anomolies were placed in the velocity model and inverted with the finite difference 
tomography code by Roecker et al. (2006).  Areas containing the perturbations at the 
termination of the inversion are considered zones where velocity anomalies within the 
earth’s structure are well recovered within the local 3D velocity model.  
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Figure 7. Resolution tests for the crust in northern Mongolia.  Red and blue boxes in the 
left figure correspond to velocity perturbations introduced to the velocity model before 
inversion, and the right figures correspond how well these perturbations are resolved by 
the inversion.  The white contour in all maps encapsulate regions where there were 10 or 
more ray paths passing through the model in that area. 
 
To assess the uncertainties of our model, we characterized the errors from the 3D finite 
difference tomographic inversion by determining the variance in the P and S phases from 
the initial run which shows the maximum variance values through the 20th iteration, the 
minimum values, and by minimizing P and S residuals (Figure 8).   Variance determines 
a correlation between errors; ideally there would be no error between earthquake 
locations or arrival times, but correlated errors identify biases introduced into the velocity 
model resulting from systematic errors.  Figure 8 shows P phase variance reduced from 
0.1141 to 0.0556, S phase variance reduced from 0.4493 to 0.2674, body wave variance 
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reduced from 0.1236 to 0.0616, and the average residuals at each station reduced 
incrementally through the 20 iterations of the model.  
 
Figure 8. Plot of the finite difference inversion statistics (left) and table of the beginning 
and ending values (right) from the 20 iteration, smoothed and damped model.   
 
  
1 2 3 4 5 6 7 8 91011121314151617181920
Iteration
Stat Min Max
BodyVar 0.0616 0.1236
BodyRMS 0.2367 0.3387
Pvar 0.0556 0.1141
Pavres −0.0046 −0.0006
Svar 0.2674 0.4493
Savres 0.0195 0.1716
Final Values
Num Eq: 1358
Num P: 20039
Num S: 9283
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RESULTS 
 
 
Source Characterizations 
 
This study presents new six new focal mechanism and 2 new moment tensor solutions for 
events located within the temporary Khövsgöl network.  Focal mechanism solutions for 
the Khövsgöl rift region are stated in Table 2 and moment tensor solutions in Table 3 
along with each event time, location, ORID (origin identification within Antelope) and 
the solution robustness reported as grade and described within the methods section.   
 
Impulsive P wave polarities were used to calculate focal mechanism solutions.  We 
present six focal mechanism solutions, where events 7514 and 7517 also have focal 
sphere determinations based on full waveform inversion.  Both events 7514 and 7529 
(see Figure 9) have very well constrained angles for both strike and dip while events 
7534, 7562, and 7571 record robust strike angles.  Event 7517 has a large range of 
acceptable focal sphere solutions since azimuthal coverage north and east of the event 
were limited; additionally, waveforms observed on stations north and east of the event 
were emergent and thus not utilized for the solution calculation. 
 
Date Latitude Longitude Depth Strike Dip Rake ORID Grade 
10/20/2014  01:04:09 51.59° 99.816° 8.73 km 206° 26° -90° 7534 B 
12/05/2014  18:04:19 51.35° 100.638° 10.5 km 287° 12.78° 38.3° 7514 A 
12/05/2014  18:25:09 51.35° 100.631° 7.33 km 10.4° 27.73° -68.1° 7517 C 
06/06/2015  19:51:39 51.52° 99.604° 10.26 km 204° 22° -90° 7562 B 
11/09/2015  11:39:49 50.62° 100.55° 18.29 km 208° 46° -90° 7571 B 
03/26/2016  07:05:43 51.07° 100.87° 17.23 km 026° 36.3° -81.5° 7529 A 
Table 2. Focal mechanism solutions for events recorded within the temporary Khövsgöl 
seismic network August 2014-June 2016.  
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Figure 9. Focal mechanism solution for event 7529; the first line of text denotes ORID, 
time, latitude, longitude, and depth.  The left plot shows the T- and P-axes; circles are the 
T-axis (center of the compressional quadrant) and crosses are the P-axis (center of 
dilatational quadrant).  The plot on the right is the preferred focal sphere solution with the 
azimuthal distribution of stations overlaid to denote station location relative to event 
location. 
 
Date Lat ° Long° Z Strike Dip Rake MW Fit ORID Grade 
12/05/2014  18:04:19 51.35 100.64 15 070° 85° 10° 4.79 0.774 7514 A 
12/05/2014  18:25:09 51.35 100.63 13 060° 80° -10° 3.89 0.700 7517 A 
Table 3. Moment tensor solutions calculated from the temporary Khövsgöl seismic 
stations August 2014-June 2016. Magnitudes listed in the table were obtained from the 
moment tensor inversion based on the global CUS velocity model, note that these 
magnitudes differ from the magnitude calculated using Antelope software. Fit is how 
well the synthetic waveforms match to observed waveforms, with 1 being a perfect fit, 
0.7 a good fit, and ≤0.6 is poor fitting.  
 
Full waveform inversions were used to calculate moment tensor solutions for events in 
Table 3, and located in red on Figure 10.  Like focal mechanism calculations, moment 
tensor inversions are also sensitive to station coverage; events within the network are 
well-constrained in hypocentral location.  Events 7514 and 7517 have excellent azimuthal 
coverage (Figure 12) and had 0.774 and 0.7 fit respectively (Figure 11). 
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Figure 10. Best	fit	moment	tensor	solution	for	ORID	7514.		The	blue	star	denotes	source	location,	and	the	orange	triangles	are	station	locations.	 
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Figure 11. Waveform	fit	for	event	ORID	7514	that	occurred	12/05/2014	18:04:19.	
Observed waveforms are in red, and synthetic waveforms are in blue.  Rows correspond 
to stations, columns are the vertical (Z) and horizontal (R –radial, and T-transverse) 
components.  The blue number (upper left) is the peak filtered velocity, black numbers 
(upper right) correspond to the time shift (in seconds) necessary to align the synthetic and 
observed traces, and the percentage is the quality of fit between the synthetic and 
observed traces.  
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Figure 12.  Focal mechanism solutions have black compressional quadrants while the 
moment tensor solutions have red compressional quadrants.  
 
Within the temporary network, the focal mechanisms and moment tensors show a 
transtensional stress regime that appears to be partitioned on discrete strike-slip and 
extensional faults rather than oblique slip faults.  Extensional focal mechanism solutions 
were obtained for the eastern boundary of the Khövsgöl rift, the northeastern boundary of 
the Darkhad basin, as well as in the center of the Darkhad basin where an active fault is 
delineated by north-south striking seismicity (Fig 13).  The four focal mechanism 
solutions strike roughly north-northeast and extend east-west, with faulting occurring at 
depths ranging from 7 – 18 kilometers.  Moment tensor solutions show east-northeast 
striking sinistral focal spheres for the two events beneath Lake Khövsgöl with event 
locations 13 – 15 kilometers in depth.  
98˚E 100˚E 102˚E
50˚N
52˚N
1000 2000 3000
elevation (m)
7562: ML= 3.16
7534: ML= 3.56
7514: MW= 4.79
7517: MW=3.89
7529: ML= 3.63
7571: ML= 3.02
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Joint inversion earthquake location and 3D velocity structure 
 
Figure 13 shows the distribution of seismicity from the joint inversion of source location 
and 3D velocity model based on an initial velocity model with a 50 kilometer thick crust 
(Table 1).  Events that are poorly located are pushed toward the edge of the model, and it 
is likely that the shallow events outside of the network are poorly located in both depth 
and distance from the receiver.  Poorly located diffuse seismicity was detected near the 
Tunka fault and Büsyn Gol.  Sparse seismicity is seen westward of the Tunka fault strike 
at 5-15km depths.   
 
A previously unmapped active fault was outlined by seismicity striking north-south 
within the center of Darkhad basin ( Figure 13).  Events from this active fault range in 
depth from 10-20 kilometers across the fault plane (Figure 14), which is observable when 
viewing in cross section.  
 
Events shallower than 20 kilometers depth are also located north of the network.  While 
the locations and depths are not well constrained, there is a sparse delineation of events at 
the northern end of the Darkhad and Khövsgöl basins that trends towards the Tunka 
Basin.  Additionally, a cluster of events is observed beneath Lake Khövsgöl at 10-18 
kilometer depths.  
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Figure 13.  Local seismicity after the 3D finite difference inversion.  
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Figure 14.  Cross sections of seismicity for the Darhad and Khövsgöl rifts.  Earthquake 
locations are based on the 20 iteration finite difference inversion show in figure 13. 
Colored lines on the map correspond to the cross section boxed by the matching color. 
 
Examination of the cluster of 62 events beneath Lake Khövsgöl (Fig. 13 – 14) revealed 
low level background seismicity leading up to a MW=4.79 mainshock on December 05, 
2014 (Figure 15).  The mainshock was not preceded by a foreshock; three events ML < 
3.0 occurred in the four months before the mainshock.  Approximately 20 minutes after 
the mainshock, a MW=3.89 event occurred, followed by events ML < 3.0 recorded until 
the temporary network was removed in June 2016.  The MW=4.79 and MW=3.89 events 
correspond to ORID 7514 and 7517 respectively, both of which have east-northeast 
striking left lateral fault plane solutions determined via moment tensor inversion (Figure 
12).  The highest frequency of earthquake occurrence beneath Lake Khövsgöl transpired 
immediately following the mainshock with 8 of the 62 events recorded within 10 hours of 
the mainshock. 
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Figure 15.  Aftershock sequence for the December 05, 2014 event beneath Lake 
Khövsgöl.  Time zero corresponds to the mainshock, and events that occurred in the 
following 10 hours were plotted.  Seismicity was sparsely observed in the months leading 
up to the mainshock, but events below ML=3 occurred regularly until instruments were 
removed in June 2016.   
 
Our 3D finite difference tomography images are presented as cross sections taken from 
transects indicated in map view (Figure 16).  All tomography is limited to a 60 kilometer 
depth, but interpretations are limited to the well resolved areas outlined by green contours 
(Figure 17).  Regions where 10 or more seismic rays pass through the model are 
considered areas that are well resolved, and the VP velocity model has a 40 kilometer 
resolution while the VS velocity model is resolved to a 20 kilometer depth.  Cross 
sections for the VP, and VS velocity models and the VP/VS ratio are spaced by 0.03° in 
latitude and longitude, and depth slices are spaced 3 kilometers apart.  Results for the VP 
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tomograms are plotted with velocities ranging from 5.4 to 8.4 km/s and VS tomogram 
velocities range 3.2 to 4.8 km/s.  VP/VS ratio cross sections range from 1.7 – 1.8. 
	Figure	16.		Khövsgöl map with transects: A 99.55°, B 100.51°, C 51.34°, and D 50.62° 
corresponding to cross sections in Figure 16, red color outlines Cenozoic basalts.  	
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	Figure	17.		VP (upper left), VS (upper right), and VP/VS (below, center).  The green 
outline denotes the region with ray path hit counts ≥ 10, white circles are hypocenter 
locations, the black line above the cross sections signifies topography, black triangles are 
the Khövsgöl seismometers.  VP and VS velocity cross sections are contoured with thick 
black lines representing integer velocity values, and thin black lines denote 0.2 km/s 
velocity contours from the integer values.	
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Variations in the P wave and S wave velocity structure generally show that rifts have 
lower velocities relative to the surrounding areas (Figure 17, VP and VS cross sections B 
and C).  The basins are roughly box shaped and limited to the upper 20 kilometers of the 
crust with a 6.0 – 6.2 km/s VP velocity, 3.4 – 3.6 km/s VS velocity.  Seismicity is well 
aligned with the rifts, which can be seen in both latitude and longitudinal velocity cross 
sections.   
 
All four VP/VS ratio cross sections show a general trend of 1.72 – 1.74 values at depths 
shallower than 20 kilometers, and at 20 – 40 kilometers the ratio increases to 1.76 – 1.78.    
Longitudinal VP/VS ratio cross sections A and B show relatively low values ranging 1.70 
– 1.72 beneath the rifts, which are values that are consistent with sediment infill within 
the basins.  Latitudinal cross sections C contains shows VP/VS ratios of 1.78 near the 
surface on the western shore of Lake Khövsgöl; when comparing the cross section with 
Figure 15, this high value corresponds to a Cenozoic basalt outcrop at the surface.  Cross 
section D shows two channels of relatively high 1.78 values branching from 20 
kilometers depth to the surface, overlying these tubes are the Darkhad and Khövsgöl rift 
sediments that have VP/VS values ranging from 1.70 – 1.72.  The low ratio values east of 
Lake Khövsgöl extend to 102°E near the southern end of the lake and tapers northward.  
Generally, the VP/VS ratios with values 1.70 – 1.72 correspond to sediment infill within 
the basins, and high values ranging from 1.76 – 1.78 near the surface correspond to 
Cenozoic basalt outcrops on the map. 
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DISCUSSION 
 
This is the first study to determine source characteristics and a velocity model for the 
crust in the Khövsgöl rift region using data collected from a dense network of seismic 
stations.  Stresses acting on a region determines the type of faulting observed, and the 
orientation of focal spheres describe deformation at depth; since the stress field controls 
deformation, source characteristics elucidate the fault plane geometry as well as describe 
the orientation of the stress field when faulting occurred.  Earthquakes occur as a result of 
elastic deformation, and the location of these events identifies regions of the crust that are 
actively deforming.  The velocity at which seismic phases radiate through Earth depends 
on Earth’s physical properties and elastic constants.  Earthquakes propagate faster 
through denser rocks because these rocks are relatively more difficult to deform because 
the rocks are resistant to further compression and require very high shear stress to buckle, 
thus, these dense rocks transmit most of the energy from an earthquake.  Elastic waves 
move through sediments slower because they are less rigid and are relatively less 
resistant to shear stress and ultimately transmit less elastic energy relative to denser 
materials.  By determining the velocity at which compressional and shear waves travel 
through via a tomographic model of the Khövsgöl crust, we are able to better understand 
active deformation in the region.  Collectively, the source characteristics, earthquake 
locations, and velocity model describe the stresses acting on the Khövsgöl rift zone, 
deformation that occurred while stations were deployed and the location of 
heterogeneities that cause velocity variations in the crust.   
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Source characteristics from the previous sections indicate that faulting in northern 
Mongolia can be partitioned into two categories: left lateral strike slip along faults 
striking east-west, and normal dip slip along faults striking north-northeast.  Strike slip 
faults are the result of shear stresses acting on rocks parallel to the fault surface.  The 
results of the moment tensor inversions indicate that shear stress is occurring beneath 
Lake Khövsgöl, and result in left-lateral strike slip faulting.  Sinistral slip is 
accommodated by horizontal displacements of rocks parallel to the direction of 
compressional stresses.  Focal mechanism solutions show regions where tensional 
stresses result in extensional faulting near the margins of the Darkhad and Khövsgöl 
basins.  The roughly north-south trending dip-slip faulting is accommodated by the 
extension of rocks east-west of the fault surface.  Thus, locally, the Khövsgöl rift zone is 
characterized as a transtensional deformation regime.   
 
Observations from kinematic field studies concluded that the Khövsgöl rift region is 
purely extensional (Arzhannikova et al., 2011), but our source characterizations indicate 
bimodal deformation: both strike slip and extensional focal sphere solutions from full 
waveform moment tensor inversions and first motion focal mechanisms.  We determined 
sinistral strike slip movement from moment tensor solutions at 15-18 kilometers beneath 
Lake Khövsgöl.  Although the strike slip solutions beneath Lake Khövsgöl were 
determined in the middle of a rift, active strike slip structures are observed throughout 
Mongolia.  Broadly, Mongolian seismicity is concentrated along active structures in east-
west trending strike slip faults, or extensional basins that open approximately northwest 
and southeast (Sodnomsambuu and Klyuchevskii, 2017).  Our observations for the strike 
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slip moment tensor solutions align with the broad trends observed within Mongolia.  
Relative to Lake Khövsgöl, there are two sinistral strike slip faults that span hundreds of 
kilometers: the Tunka fault to the northeast and the Bulnay fault to the southwest.  These 
two very large faults have several things in common with the deformation observed from 
the cluster of events beneath Lake Khövsgöl: all of the fault planes are left lateral, all of 
the faults strike roughly east-northeast, and seismicity is concentrated at the active 
structure but very broad seismicity is observed throughout the rest of Mongolia.  These 
left lateral strike slip faults accommodate the eastward extrusion of Mongolia that is 
associated with the oblique convergence of the Indian plate into the stable Siberian 
craton.  
 
In addition to the strike slip moment tensor solutions, we calculated two northeast 
striking extensional focal mechanism solutions along the southeastern border of Lake 
Khövsgöl, thus we observe heterogeneous strain within the Khövsgöl rift.  Contextually, 
the observation of heterogeneous strain is internally consistent with the northwest-
southeast opening extensional focal mechanism solutions we determined for the 
northeastern boundary of Darkhad basin, as well as southern Siberia and general trends 
observed in Mongolia (Sodnomsambuu and Klyuchevskii, 2017).  The focal mechanism 
fault planes are oriented orthogonal to the strike slip moment tensor solutions, and the 
extensional deformation also acts to accommodate lateral movements of Mongolia 
toward the east.  Strain partitioning is the result of the two stresses acting on this region: 
the oblique forces imposed by the India-Eurasia collision, and the extensional stress that 
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is a result of lateral crust movement.  The 50 kilometer crust in the Khövsgöl region is no 
longer able to thicken, and must move laterally to accommodate deformation.    
 
The distribution of earthquakes in the Khövsgöl region outlines two new areas of active 
deformation within the Darkhad basin and Khövsgöl rift.   Seismicity within the Darkhad 
basin outlined an unmapped fault (Figure 13).  The outline of faults agrees with the high 
angle fault plane for focal mechanism 7562 where extension is eastward.  An elevation 
profile across Google Earth confirms surface deformation as well as east-west extension 
with the hanging wall as the topographic low and the western footwall at a topographic 
high.  In addition to the fault outlined within Darkhad basin, a cluster of events beneath 
Lake Khövsgöl elucidated an aftershock sequence after the MW=4.79 mainshock for 
event 7514 on December 5, 2014.  The two largest events from this cluster MW=4.79 and 
MW=3.89 both have sinistral strike slip moment tensor solutions.  Although left lateral 
strike slip faulting is well documented in the regions surrounding the Khövsgöl rift zone 
(Bayasgalan et al., 2005 and Petit et al., 1996), the observation of strike slip behavior 
within the Khövsgöl rift zone are originally discussed here.  As such, the first dense 
seismic network in northern Mongolia was able to capture the location of an extensional 
fault in Darkhad basin as well as strike slip movement beneath Lake Khövsgöl, both of 
which were previously unreported.  
 
Observed seismicity is well aligned with the resulting tomographic model.  The well-
defined and located seismicity within the Darkhad and Khövsgöl basins are located 
within each respective basin.  Although seismicity is sparsely observed outside of the 
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rifts, the concentrated seismic activity in this region shows that the Darkhad and 
Khövsgöl rifts are actively deforming.  Seismicity dissipates at nearly 20 kilometer 
depths that align with the location of relatively lower velocity anomalies that correspond 
to sediment fill within the rift basins.   
 
VP and VS velocity structures for the Khövsgöl rift zone show trough shaped relatively 
low velocity anomalies from the surface to 18 kilometer depths for Darkhad and 
Khövsgöl rifts.  The velocity structure also shows that rifting has not caused significant 
crustal thinning due to the otherwise homogeneous velocity structure of the Khövsgöl 
region: crustal velocities are resolvable to a maximum of 40 kilometer depth, and 
significant perturbations to the velocity model are not observed at depths greater than 20 
kilometers.  
 
The average VP/VS ratio for the Khövsgöl region is 1.78 and agrees with the accretionary 
history of the island arcs within the Central Asian Orogenic Belt that comprises the 
Khövsgöl rift zone basement.  Latitudinal cross sections across southern Khövsgöl and 
eastward indicate that additional rifting and sediment infill may be occurring in the 
drainage southeast of Khövsgöl since the VP/VS ratios were very low for this region at 
1.70 – 1.7 and the basin was continuous with the Khövsgöl rift basin to a 20 kilometer 
depth.  The seismic quiescence in this region indicates that this is not a tectonically active 
structure at this time; further investigation is necessary to determine the nature of this 
finding.  Additionally, small lenses or tunnels of high VP/VS ratios of 1.76 – 1.78 that 
punctuate the southern Khövsgöl rift and eastern sediment basin and outcrop as Cenozoic 
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basalts at the surface.  Long lasting future deployments of dense networks in northern 
Mongolia may further elucidate these patterns of VP/VS ratios at the base of the crust and 
east of Lake Khövsgöl. 
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CONCLUSIONS 
 
The crust in northern Mongolia is actively deforming to accommodate the convergence of 
the rigid Indian plate into the stable Siberian craton, strain is accommodated between 
these tectonic blocks by the eastward movement of a less rigid Mongolia ; this 
deformation can be visualized by observing seismicity in the Khövsgöl rift zone.  Source 
characterizations show that the seismogenic zone is limited to the upper 18.5 kilometers 
of the crust.  Although historic evidence shows a distribution of left-lateral shear in 
northern Mongolia, first motion focal mechanisms from this study indicate active 
extension at Darhad and Khövsgöl rift margins as well as sinistral slip beneath Lake 
Khövsgöl.  This transtensional system is in agreement with GPS surface velocities. 
 
Finite difference tomographic inversion for hypocentral location and 3D velocity related 
Earth’s structure to deformation.  The iterative refinement of hypocenter locations better 
defined an unmapped fault in the Darhad basin as well as an aftershock sequence from a 
cluster of events beneath Lake Khövsgöl.  Although hypocenter locations were broadly 
distributed around the Tunka Basin, gathering of seismicity in this region suggests that 
the Tunka Fault is actively accommodating deformation.  Both VP and VS velocity 
models show lower wavespeeds for the Darkhad and Khövsgöl rifts from the surface to 
15 – 20 kilometers in depth.  VP/VS ratios show that the crust has a 1.78 ratio agrees with 
the accretion of an ocean island arc terrane, lower 1.70 – 1.72 values outline the Darkhad 
and Khövsgöl basins, and areas of 1.76 – 1.78 VP/VS ratios near the southern boundary of 
Khövsgöl Lake correspond to basalt outcrops at the surface.  
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Appendix A.  Focal Mechanism Solutions 
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Appendix B.  Moment Tensor Waveform Fit: second Moment Tensor fit, ORID 7517 
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Appendix C.  Tomographic Cross Sections 
Appendix C-1.  S-N P-wave cross sections  
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Appendix C-2.  W-E P-wave cross sections  
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Appendix C-3.  S-N S-wave cross sections  
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Appendix C-4.  W-E S-wave cross sections  
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Appendix C-5.  S-N VP/VS cross sections  
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Appendix C-6.  W-E VP/VS cross sections  
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VITA 
EDUCATION 
Lehigh University                  Bethlehem, PA 
Master of Science in Earth and Environmental Sciences            May 2018 
University of Washington Seattle, WA 
Bachelor of Science in Earth and Space Sciences – Geology      August 2015 
Geology (Honors) 
RESEARCH AND TEACHING EXPERIENCE 
Research Assistant, Seismology Laboratory, Lehigh University 2017 – 2018 
Responsible for investigating local seismicity from the temporary seismic network 
emplaced in Khövsgöl, Mongolia 2014 – 2016. Additionally, I have been responsible for 
mentoring an undergraduate student with research related to my own work by assisting 
with bash shell scripting, seismic data analysis, data organization, as well as 
demonstrating ways to effectively communicate and display data. 
Graduate Teaching Assistant: Lehigh University 2016 – 2017 
Helped develop laboratory material and guidelines, assisted with field trips, maintained 
course website, held office hours, and assessed student homework and laboratory 
exercises..  
Structural Geology, EES 223 (2017) 
Introduction to the Earth System, EES 080 (2016) 
 
Undergraduate Teaching Assistant: Univ. of Washington at Seattle 2014 – 2015 
Geomechanics (2015)  
Oceanography 101 (2014)  
 
Undergraduate Research Assistant: Univ. of Washington at Seattle 2012 – 2013   
Researched the oil-dispersing potential of cold-adapted marine bacteria. Performed 
multiple assays, prepared experimental data and present data to the lab manager.   
 
ORGANIZATIONS AND LEADERSHIP EXPERIENCE 
UW GeoClub             2013 – 2014 
Media Coordinator               2013-2014  
Women in Science and Engineering (WiSE)        2011 – 2013, 2016 – 2018 
Advertisement Leader              2012-2013  
Association for Women Geoscientists, Geological Society of America     2016 – 2018 
American Geophysical Union, Sigma Xi Honor Society, AAPG, SSA       2017-2018 
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AWARDS 
On To the Future Scholarship, GSA (2017) 
$730. Annual meeting travel grant for traditionally underrepresented groups  
Afton Woolley  Crooks and James William Crooks Scholarship (2014 – 2015) 
$12,000. Outstanding merit, awarded by the UW Earth and Space Sciences Dept.  
ONSITE Scholarship (2012 – 2013) 
$6,000. Competitive NSF funded scholarship for low-income STEM students. 
  
ADDITIONAL INFORMATION 
General Software Skills 
Microsoft Office, GMT, Linux, UNIX, ArcGIS, MATLAB, Adobe 
Presentations 
Scott, A.M., Meltzer, A., Stachnik, J., Russo, R., Munkhuu U., Tsagaan B. (December 
2017). Crustal Structure of Khövsgöl, Mongolia. AGU Annual Meeting, New Orleans, 
LA. 
 
Scott, A.M., Meltzer, A., Stachnik, J. (October 2017). Earthquake distribution and 
Crustal Structure of Khövsgöl, Mongolia. GSA Annual Meeting, Seattle, WA. 
 
Scott, A.M., Carpenter, S., Deming, J. (May 2013). Oil-dispersing Potential of Cold-
Adapted Marine Bacteria.  Poster presented at the University of Washington 
Undergraduate Research Symposium, Seattle, WA. 
 
ExxonMobil Short Course            2016 
Learned basic petroleum geology techniques by creating play maps for the Bighorn Basin 
Field Experience 
• Deployed seismometers to capture aftershocks from M4.1 Dover, DE earthquake 
(11/30/17) 
• NYGSA/FOG Field Conference: observed rift basin development. Newark Basin, NJ 
and NY 
• Six week geology field camp in southwestern MT 
• One week extensional tectonics field excursion in Death Valley, CA 
